SUMMARY Systolic time intervals were measured in 253 normal children, with careful attention to precise recording and measuring techniques, to derive regression equations which could be used as reliable standards for clinical assessment of left ventricular performance in this age group.
THE USE OF SYSTOLIC TIME INTERVALS as a simple and reliable method for clinical assessment of left ventricular performance in adults has become widespread in recent years. This was made possible by the work of Weissler and his associates, who established regression equations for the normal intervals in relation to heart rate in adults.' There are only a few studies, however, on systolic time intervals in children, and these studies differ in the techniques used and have had conflicting results in the normal standards relative to heart rate and age.2 5 In the present study we have used the precise techniques established for adults by Weissler and his associates' 6 to derive regression equations for systolic time intervals in normal children to be used as reliable standards for the assessment of left ventricular performance in this age group.
Methods

Subjects
A total of 253 children were tested, 138 males and 115 females. Their ages ranged from 1 month-13 years. They were divided into seven age groups as shown in figure 1.
All subjects were normal, healthy children. A physical examination and ECG were performed on the day of testing. No child with any intercurrent illness was tested.
Procedure
The time of testing was between 8:30 a.m. and 11:30 a.m. The children were allowed to rest supine for at least 5 minutes, after which the testing was performed in the same position. Only cooperative children were tested, and no sedatives or tranquilizers were administered.
The systolic time intervals were measured from simultaneous electrocardiographic, phonocardiographic and carotid or axillary arterial pulse tracings recorded photographically at 100 mm/sec paper speed using an Electronics for Medicine VR6 system, according to the methods described by Weissler toralis major muscle. In eight of these children, both axillary and carotid pulses were recorded, and we found no significant difference in the measurements obtained by these two methods. The total electromechanical systole (QS2) was measured from the onset of the QRS complex of the ECG to the first high frequency vibrations of the aortic component of the second heart sound. The left ventricular ejection time (LVET) was measured from the initial rapid upstroke of the arterial pulse to the incisural notch. The R-R interval preceding each cycle was measured from the electrocardiographic recording. Ten consecutive cycles were measured during normal respiration, and the averages obtained were corrected for any inaccuracy in the paper speed. The preejection period (PEP) was then obtained by subtracting the LVET from the QS2, and the ratio of PEP/LVET was calculated. 
Statistical Methods
The statistical computations were made with the aid of a CDC CYBER 73 computer, using the Statistical Package for the Social Sciences (SPSS).7 The observations were separated into two groups, male and female. The dependent variables for which regression lines were computed, for males and females were QS2, LVET, PEP and PEP/LVET. The independent variables tested were age, weight, body surface area and heart rate.
The independent variables for each regression line were chosen in stepwise method in the following way: after all the independent variables were entered in the line, F test for each coefficient was performed to determine which regression coefficients were relevant. Only those variables in which the F test indicated that the coefficient is significantly different from zero were taken into account in the final regression equations (P < 0.01).
The coefficient of variation (CV%) (SD X 100/ mean) was Using the stepwise methods described, heart rate was found to be the only one of the independent variables relevant in the regression line for QS2 and LVET, both for males and females. The regression equations are given in table 2 and the data are plotted in figures 2 and 3. The correlations are highly significant. Table 2 also provides the coefficient of variation for the regression line and for the mean value of each dependent variable. It is seen that for QS2 and for LVET the coefficient of variation for the regression line is significantly lower than for the mean value, indicating that the regression line is more accurate than the mean value in predicting these dependent variables.
Preejection period
Heart rate was similarly found to be the only relevant independent variable for PEP in males. The regression line (table 2, fig. 2 ) shows a significant correlation. The coefficient of variation again shows that this regression line predicts this dependent variable much more accurately than the mean value.
For PEP in females, however, both heart rate and age were discovered to be relevant independent variables. A regression equation using both these variables is therefore listed in table 2 for PEP in females. A regression equation using heart rate alone is also given. Comparison of these two equations shows that both provide a significant correlation, although when heart rate alone is used the correlation is slightly lower. The coefficients of variation show both regression lines to be significantly more accurate than the mean value for the PEP in females, and the use of both heart rate and age together improves the coefficient of variation only slightly (0.6%). The HEART RATE regression line using heart rate alone is illustrated in figure 3 . A regression equation for males and females together, related to heart rate alone, is also shown in table 2.
PEP/LVET Ratio
For the PEP/LVET ratio, the only relevant independent variable in males was heart rate, and the only one in females was age. The correlation of these independent variables with the PEP/LVET ratio is, however, very low (table 2) . Furthermore, comparison of the coefficients of variation for the regression equations with the coefficients of variation of the mean value of PEP/LVET shows that only a small improvement is attained if the regression equations are used.
Discussion
The value of systolic time intervals as reliable means of assessing left ventricular performance depends on the precision of the recording techniques and of the measurements performed. Careful attention to essential details is critical. The choice of an electrocardiographic lead which clearly shows the earliest onset of ventricular depolarization, for example, is indispensable for correct measurement of QS2 and PEP. 8 Similarly, an undistorted arterial pulse tracing with a sharp definition of both the initial rapid upstroke and the incisural notch is essential for measurement of the LVET, but different types of pulse-sensing pickups and recorders differ in their ability to faithfully reproduce such a pulse recording.9 Since previous investigators of systolic time intervals in children2-have used techniques which differ from each other in respect to both of these requirements, as well as in respect to paper speed, the number of cardiac cycles measured, and attention to respiratory variations, the results obtained in these studies are not comparable. Indeed, the normal standards for children differ from one published study to another, and the results reported on the influence of age and heart rate are conflicting.
The techniques used by Weissler and his associates"' 6 in the recording and measurement of systolic time intervals have been recognized for their accuracy and precision and the regression equations derived by these methods have been widely accepted as the normal standards for adults. In the present study we have used the same precise methods in order to establish similar regression equations for children which can serve as reliable standards for use in assessing ab- 
Influence of Age and Heart Rate
The data on the 253 children we studied clearly show that QS2, LVET and PEP vary inversely with heart rate and directly with age. These findings confirm similar tendencies found by the previous investigators, although the precise relationships differ to some degree. Our results differ particularly in respect to the significance of age and heart rate as independent determinants in the systolic time intervals. Thus, Golde and Burstin3 concluded that both age and heart rate are important influences and they derived regression equations which take both variables into account for all the systolic time intervals. Spitaels et al.5 drew the same conclusion for QS2 but found that LVET correlates with heart rate alone. The latter corresponds to the finding in the study of Harris and Weissler2 in which they noted an excellent correlation of LVET with heart rate alone. Spitaels et al.5 found PEP to be essentially independent of heart rate, but influenced to a slight, although statistically significant degree, by age. They considered the PEP/LVET ratio to be independent of both age and heart rate.
In the present study, both QS2 and LVET (in both sexes) showed a highly significant correlation with heart rate alone, and age was not a relevant independent variable in the regression lines. Similarly, for PEP in males, heart rate was the only relevant independent variable. PEP in females, however, showed a small but statistically significant influence of age in addition to heart rate. Nevertheless, if the influence of age in females is neglected, the regression equation relating PEP to heart rate alone has only a slightly lower correlation and only a slightly lesser coefficient of variation than the equation relating to combined heart rate and age. For clinical use it would thus seem that the regression equation relating PEP to heart rate alone in females is satisfactory. Furthermore, the regression line for PEP related to heart rate in females is quite close to that in males and if the data for both sexes are combined and one regression equation is derived, it is only slightly different from the equations for each sex individually and there is probably little justification for separate equations in clinical use.
The regression lines relating QS2 and LVET to heart rate in children, as derived from the data in this study, show a lesser slope than the corresponding regression lines for adults.' However, the slope of the regression line for PEP is almost identical to that for I b adults, since the difference between the slope for QS, and for LVET is almost identical in children and in adults. It is not clear whether the lesser slope for QS, and LVET is due to the higher heart rate range in children than in adults. In figures 2 and 3 it does appear that several points in the low heart rate range segregate disproportionately above the regression line for QS,, suggesting that the correlation with QS, in the lower heart rate range might follow a steeper slope. In order to test this hypothesis, separate regression lines were calculated for heart rates below 100/min and above 100/min. No significant difference was found between the lines for the low and high heart rate range in both sexes (P > 0.05). The regression lines derived from the data in this study are therefore applicable over the entire range of heart rate.
The PEP/LVET Ratio
In this study we found the PEP/LVET ratio to be essentially independent of both age and heart rate, as was found in the study of Spitaels et al. 5 and as has been found in adults.' Although by the statistical methods used, regression equations were derived relating the PEP/LVET ratio to heart rate in males and to age in females, the correlation in both cases is very low and probably does not justify the use of these equations in practice. The coefficient of variation of the mean value of the PEP/LVET ratio for both sexes not very different from the coefficients of variation of the regression lines, indicating that little will be lost by using the mean value and its standard deviation instead of the regression equations.
Final Normal Standards and Method of Use
The regression equations given in table 2 are all statistically valid, and any of them may be used as a normal standard for children. For PEP, however, in view of the considerations discussed above, the single equation given for males and females together which relates PEP to heart rate alone, would seem to be satisfactory for clinical use. Similarly, as noted above, it is valid to consider the PEP/LVET ratio as essentially independent of both heart rate and age and to use the mean value ± SD as the normal standard. For practical use, it is simplest to calculate QS,, LVET and PEP as an index value. This is accomplished by transposing the terms of each regression equation. Table 3 shows the equations for calculating these index values and gives the normal indices for each. The mean normal PEP/LVET ratio is also shown. Table 3 provides the final normal standards derived in the present study and the practical method for their use.
Each of the regression relationships derived in the present study fit all age groups examined, ranging from 1 month-13 years. This study, however, includes only nine infants under the age of 1 year. In view of the small size of this group, the validity of using the regression equations as normal standards under the age of 1 year is questionable. Therefore, until confirmed by study of a larger number of normal infants, the regression equations should probably be used only in children between the ages of 1-13 years.
Comparison with Echocardiographic Measurement of Systolic Time Intervals
Gutgesell et al.'0 recently reported regression equations for PEP and LVET determined from echocardiographic recordings of aortic valve motion in 1 18 normal children. Their findings are consistent with ours in that they found PEP and LVET to be slightly better correlated with heart rate than age. They found the PEP/LVET ratio to be only weakly correlated with heart rate and age, and they conclude, as we do, that this weak correlation can probably be disregarded in practice. In comparing their results with ours, however, it should be noted that they included subjects beyond the age of puberty (up to the age of 19 years). Furthermore, they used electrocardiographic lead II in all cases for the measurement of PEP, a practice which underestimates the PEP in many subjects, since lead II often fails to record the earliest onset of ventricular depolarization.89 11 In addition, an average of only three cardiac cycles was obtained from each subject. These differences in technique and in the age groups, in addition to small differences which might be inherent in the determination of the systolic time intervals by echocardiography compared with pulse tracings and phonocardiography, probably explain the absolute differences between their regression equations and ours. The mean PEP/LVET ratio in their study (0.31 ± 0.03) is nevertheless very close to that found by us (0.30 ± 0.04) and that found by Spitaels et al. (0.31 ± 0.05),' a finding which emphasizes the value of this ratio as a consistent measure of left ventricular performance even considering differences in techniques.
The ease with which any noninvasive examination can be performed is an important question in children, Abbreviations: LVET = left ventricular ejection time; PEP = preejection period; HR = heart rate;; QS2I, LVETI, PEPI = index value for QS2, LVET and PEP, respectively. CIRCULATION and will be a determining factor in whether systolic time intervals are practical in this age group and whether they are best obtained by echocardiography or by simultaneous recording of the ECG, phonocardiogram, and carotid or axillary pulse tracing. We disagree with Gutgesell et al.10 that the latter method is difficult to use in small children, and we encountered little difficulty in obtaining satisfactory recordings. An uncooperative or restless child should not be examined by any method because the systolic time intervals, even if they can be recorded, will not reflect left ventricular performance in the basal state. Almost all of the children in our study were cooperative, and technically satisfactory recordings were made using our techniques in 98% of the subjects. However, by echocardiography, even in cooperative subjects, recordings satisfactory for measuring systolic time intervals cannot be obtained in all cases (81% of subjects in the study of Gutgesell et al.10).
Conclusion
We conclude that the measurement of systolic time intervals by simultaneously recorded ECG phonocardiogram and carotid or axillary pulse tracing is a practical method for clinical use in children as it is in adults. If the techniques described are carried out with precision, the normal standards derived in this study can serve as a reliable basis for assessment of left ventricular performance in cardiac disease in childhood.
